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Information about structure-function 
relationships of articular cartilage during 
the progression of osteoarthritis is crucial 
when trying to predict the development of 
the disease. This knowledge may enable 
better treatment strategies aimed at 
stopping or slowing down the progression 
of osteoarthritis. Finite element modeling, 
microscopic and spectroscopic methods were 
used to distinguish functional and structural 
properties of cartilage constituents in early 
and later stages of osteoarthritis.
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ABSTRACT
Osteoarthritis (OA) is a prevalent condition affecting and disabling
an increasing group of people among world population and caus-
ing great costs to societies. OA can take several decades to develop.
This offers a long time window to affect its development. When
progressing, it causes the cartilage in a joint to lose its ability to re-
sist loading, making the tissue more susceptible to further damage.
Thus, when trying to predict the development of OA, information
about the early effects of the disease to structure and function is
crucial. With this knowledge, effective treatment strategies aimed
at stopping or slowing OA progression can be developed. Even
though the structural changes in articular cartilage in OA are nowa-
days fairly well known, there is still much left unfolded concern-
ing how the osteoarthritic changes affect the individual structural
constituents, e.g., collagen, proteoglycans (PGs) and fluid, and how
these changes continue to alter the associated functioning.
In the present thesis, mechanical indentation testing and finite
element (FE) modeling were used in combination with microscopic
and spectroscopic methods to investigate structural and functional
alterations of articular cartilage in OA. Compared to exclusive me-
chanical testing and conventional biochemical inspection, the meth-
ods used here allowed investigation of the structure-function rela-
tionships depth-dependently. Samples were from osteoarthritic hu-
man hip joints, and healthy and anterior cruciate ligament (ACL)
transected rabbit knee joints. In rabbits, measurement locations
consisted of lateral and medial femoral condyles and tibial plateaus,
and femoral groove. Particular attention was focused on the char-
acterization of the mechanical effects of collagen, PGs and fluid
via parameters obtained from FE modeling e.g., fibrillar and non-
fibrillar matrix moduli, and permeability. Also a novel fibril re-
inforced poroelastic model was developed in order to successfully
replicate measured highly strain-dependent indentation response
of rabbit articular cartilage.
Results showed novel information about structure-function re-
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lationships and site-dependent variations of changes in structure,
composition and function of articular cartilage in OA. FE modeling
was more sensitive method, compared to exclusively elastic me-
chanical analysis, in identifying functional changes in early osteo-
arthritis, induced by ACL injury. Femoral condyles were measured
to be the most vulnerable among measured locations for osteoarth-
ritic changes. Compositional and functional changes were revealed
in both the transected and non-transected contralateral joints. Col-
lagen network organization and permeability were the most sensi-
tive structural and functional properties, respectively, to early osteo-
arthritic changes. In late OA, permeability strain-dependency fac-
tor M correlated negatively with collagen content (r=0.56, p=0.03).
Changes in collagen matrix orientation followed the changes ob-
served in fibril network modulus Ef and dynamic elastic modulus.
In late stage, collagen orientation angle correlated negatively with
the strain-dependent fibril network modulus Eef (r=-0.65, p=0.009).
Early OA was also seen to affect superficial PG content, yet the de-
veloped degeneration was markedly smaller compared to the col-
lagen organization. Moreover, depth-dependent inspection of the
structure was able to reveal increased collagen content in deeper
layers of femoral condyles. Among eight separate poroelastic mod-
els, the developed novel model was most successful in capturing the
experimental stress-relaxation data, and especially the measured
dynamic responses.
Based on the results, superficial collagen matrix is extremely
vulnerable individual structural component in articular cartilage
for osteoarthritic changes. Collagen network organization controls
the fibril network stiffness and its strain-dependency, determining
the ability of the tissue to resist impact loading. In the developed
novel model, collagen network stiffness was the only structural
property to explain the capability of the model to replicate mea-
sured highly dynamic responses. Results suggest that organization
of the collagen network is more important contributor to the stiff-
ness of articular cartilage than the collagen content. Hence, pre-
serving the healthy matrix structure could delay the progression of
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the disease effectively. On the other hand, the significant changes
in permeability reflect the combined alterations in tissue structural
components, i.e., proteoglycan and collagen content and collagen
matrix architecture. In late OA, the negative correlation between
M and collagen orientation angle clearly reveals the diminishing of
the solid content that dramatically facilitates fluid flow. Therefore,
permeability may be among the induced mechanical alterations the
first parameter to reveal OA.
In conclusion, the present results offer novel knowledge on the
early structural and functional changes of articular cartilage in OA.
The findings provide also information about the relationships be-
tween these characteristics in different stages of the disease. In the
future, achieved knowledge may help in the diagnosis of early OA.
Furthermore, when these early structural and functional changes
become more familiar, proactive strategies can be developed to pre-
vent OA from developing or advancing.
National Library of Medicine Classification: QT 34.5, QT 36, WE 300,
WE 348
Medical Subject Headings: Cartilage, Articular; Biomechanical Phe-
nomena; Osteoarthritis; Collagen; Proteoglycans; Knee Joint; Hip
Joint; Permeability; Models, Theoretical; Finite Element Analysis;
Elasticity; Microscopy, Polarization; Densitometry; Spectroscopy,
Fourier Transform Infrared; Humans; Rabbits;
Yleinen suomalainen asiasanasto: nivelrusto; biomekaniikka; nivel-
rikko; kollageenit; polvet; lonkka; mallintaminen; elementtimene-
telmä; joustavuus; kimmoisuus; mikroskopia; spektroskopia;
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SYMBOLS
a Indenter radius
A Material constant of the exponentially increasing fibril
stress
B Material constant of the exponentially increasing fibril
stress
B Cauchy Green deformation tensor
C Fraction between primary and secondary fibril density
C Stiffness matrix
e Current void ratio
e0 Initial void ratio
E Young’s modulus
Edyn Dynamic Young’s modulus
Eeq Equilibrium Young’s modulus
Eloss Loss modulus
Estorage Storage modulus
E0 Initial dynamic modulus
Ef Young’s modulus of the fibril networks
E0f Initial fibril network modulus of viscoelastic fibrils
E0f2 Initial fibril network modulus of linearly elastic fibrils
E0f3 Initial fibril network modulus of nonlinearly elastic fibrils
Eef Strain-dependent fibril network modulus of viscoelastic
fibrils
Eef2 Strain-dependent fibril network modulus of linearly elastic
fibrils
Eef3 Strain-dependent fibril network modulus of nonlinearly
elastic fibrils
Enf Young’s modulus of the non-fibrillar network
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SYMBOLS
ftot Amount of individual fibrils
Fexpi Force of experimental data at a current time point (i)
Fsimi Force of simulated data at a current time point (i)
Fexpk Peak force value of experimental data at a current step (k)
Fsimk Peak force value of simulated data at a current step (k)
δF Mean squared relative error between experimental and
simulated reaction forces
G Shear modulus
h Sample thickness
HA Aggregate modulus
I Light intensity
I Unit tensor
J Elastic volume ratio
k Permeability
k0 Initial permeability
K Bulk modulus
M Permeability strain-dependency factor
P Pressure
∇P Pressure gradient
p Probability of statistical false conclusion
q Fluid velocity
r Correlation coefficient
S0 Total intensity of the light
S1 Amount of linear/horizontal polarization
S2 Amount of +45◦ or −45◦ polarization
S3 Amount of right and left circular polarization
v Permeation speed
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SYMBOLS
δ Phase lag between stress and strain
e Strain in loading direction
ef Fibril strain
e˙f Strain time derivative
elat Strain in horizontal direction
eE Elastic strain tensor
η Damping coefficient
κ Scaling factor
µ Damping coefficient
ν Poisson’s ratio
νnf Poisson’s ratio of the non-fibrillar matrix
ρz Normalized local collagen fibril density
σ Stress
σf Fibril stress
σf Total fibril stress
σf
i Stress of an individual fibril (i)
σnf Non-fibrillar matrix stress
σE Solid stress tensor
σt Total stress
σf,p Primary fibril stress
σf,s Secondary fibril stress
σ˙f Stress derivative
φf Porosity of the tissue
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1 Introduction
Articular cartilage provides load-bearing surfaces with low friction
and wear and helps to distribute loads between opposing bones in
a synovial joint. Articular cartilage is a living material composed
mainly of collagen type II (∼50-80% of dryweight), proteoglycans
(PGs) (∼30% of dryweight) and interstitial fluid (∼60-85% of the
tissue weight). Collagen fibers determine primarily the tensile stiff-
ness of the tissue and interstitial fluid resists instantaneous loads
and transient, poroelastic responses of the tissue. Under prolonged
deformation, the fluid flows out of the tissue. Then the negatively
charged PG mesh is mainly in charge of the equilibrium stiffness of
the tissue. [1–4]
Osteoarthritis (OA) is a degenerative disease impairing irrever-
sibly the integrity of the articular cartilage tissue [1, 5]. Although
living tissue, articular cartilage has a poor capability to repair it-
self. Currently there is no cure for OA, primarily only medications
to help relieve pain are available. Osteoarthritis can be idiopathic,
having no identifiable cause, or secondary, resulting typically from
trauma. Known risk factors are age, gender, obesity, occupation and
sports. However, moderate physical exercise has been suggested to
keep articular cartilage healthy [6, 7]. Degradation and diminution
of the articular cartilage tissue due to the disease causes pain, stiff-
ness, grinding sensation and swelling. Before the tissue itself starts
to wear off, the changes have already started in the properties of
the constituents. The very first structural changes involve the de-
crease in the PG content and deterioration of the collagen network.
This is followed with the decrease in collagen content. As the struc-
tural integrity becomes compromised, also functioning of the tissue
changes. Permeability increases, expediting the mechanical relax-
ation of articular cartilage, and equilibrium and dynamic stiffness
decrease. [1, 5, 8–15]
Integrity of articular cartilage can be inspected via multiple meth-
Dissertations in Forestry and Natural Sciences No 214 1
i
i
i
i
i
i
i
i
Janne Mäkelä: Structural and Functional Alterations of Articular
Cartilage in Osteoarthritis
ods. After symptoms have started, OA diagnosis is usually done
to patient using noninvasive in vivo methods such as X-ray. Clin-
ical magnetic resonance imaging (MRI) is capable to reveal early
changes in the tissue [16]. However, the more detailed inspection
of the tissue and constituents needs invasive in vitro methods such
as microscopy and spectroscopy. Mechanical testing is a procedure
to determine the functional properties of the tissue. Combination
of the mechanical test results with finite element (FE) modeling al-
lows more specific information on the mechanical properties of the
collagen network, PGs and fluid to be obtained. When achieved
material parameters of the model are related to structural informa-
tion, the computational methods can point out the mechanical roles
of the constituents and provide important and specific information
of the structure-function relationships and mechanisms during the
progression of OA. Animal models provide a controlled environ-
ment to study the progression of OA, whereas human subjects are
essential to verify any conclusions about normal physiology, mech-
anisms of disease, and effectiveness of treatment [17–19].
In this thesis, structural and functional alterations in articu-
lar cartilage were studied in early OA in rabbits and during the
progression of OA in humans. Particular attention was paid on
the characterization of altered fluid flow properties and mechani-
cal changes in collagen and PGs. Also a novel representation for
the collagen fibril network was developed in order to replicate the
highly nonlinear behavior of rabbit articular cartilage in indenta-
tion.
2 Dissertations in Forestry and Natural Sciences No 214
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2 Articular cartilage
structure and composition
Articular cartilage covers and protects the ends of articulating bones
(Figure 2.1) [1, 2]. It offers low friction coefficient (0.002-0.005) and
helps to distribute forces created between opposing bones [20]. Ar-
ticular cartilage contains no nerves or blood vessels and the only
existing cell type is the chondrocyte (∼1% of the tissue volume in
humans, can be more in other species) [4]. Main constituents of
articular cartilage extracellular matrix (ECM) are interstitial fluid
(∼60-85% of the tissue weight), collagen type II (∼50-80% of dry-
weight) and proteoglycans (PGs) (∼30% of dryweight) distributed
in the tissue in a depth-wise manner (Figure 2.2) [1–4]. Chondro-
cytes maintain a level of metabolic activity and are responsible of
maintenance of the matrix macromolecules. The metabolic activ-
ity is dependent on the frequency and magnitude of mechanical
stresses that the cells experience under loading, changing as a func-
tion of tissue depth [4, 21]. During maturation, articular cartilage
undergoes changes in its composition, e.g., collagen network expe-
riences significant structural modifications [22–28]. Therefore, the
depth-dependent models studied in the dissertation may not be rel-
evant to fetal or immature tissues.
2.1 COLLAGEN
Collagen is the main structural protein of the various connective
tissues. From all the types of collagen, type II is the most common
in articular cartilage (∼90-95% of the collagen) [4, 29]. Molecular
crosslinking maintains a cohesive fibrillar matrix, which provides
the tensile stiffness for the tissue [3]. The tight mesh also resists
interstitial fluid and proteoglycan movement and anchors the ar-
ticular cartilage to subchondral bone. The collagen matrix can be
Dissertations in Forestry and Natural Sciences No 214 3
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Figure 2.1: A) Illustration of the composition of articular cartilage and B) sagittal view of
human knee joint.
divided into three zones: superficial zone, where the collagen fiber
orientation is horizontal and parallel to the cartilage surface; middle
zone, where the collagen fibers arch; deep zone, where the collagen
fibers are perpendicular to the cartilage surface [1,30]. The amount
of collagen varies between zones depending on the age, anatomical
site and species [29, 31, 32].
2.2 PROTEOGLYCANS
Proteoglycans comprise the second largest portion of the organic
material in articular cartilage [3]. They are macromolecules con-
structed of protein core to which many polysaccharide glycosamino-
glycan (GAGs) chains are attached. GAG chains are negatively
charged, repelling other negatively charged molecules. Articular
cartilage contains two major classes of PGs: large aggregating pro-
teglycan monomers or aggrecans, and small PGs including decorin,
biglycan and fibromodulin [4]. Cartilage also contains large non-
aggregating PGs. The majority of PGs in the interfibrillar space
are aggrecan molecules, consisting about 90% of the total cartilage
matrix PG mass.
4 Dissertations in Forestry and Natural Sciences No 214
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Articular cartilage structure and
composition
Figure 2.2: Composition of three constituents of articular cartilage. A) Microscopic image
of safranin O stained section and proteglycan content profile determined using digital den-
sitometry (section 2.4.1). B) Collagen orientation map and the profile determined using
polarized microscopy (section 2.4.3). C) Amide I absorption map and the profile represent-
ing the collagen content determined using Fourier infrared spectroscopy (section 2.4.2).
2.3 INTERSTITIAL FLUID
Interstitial fluid contributes 60-85% of the wet weight of articular
cartilage. The fluid contains gases, small proteins, metabolites, and
cations to balance negatively charged PGs [3, 4]. Water can move
freely in and out of the tissue. The volume, concentration, and be-
havior of the water depend on several factors. Swelling pressure is
affected by the fixed charge density (FCD) which associated with
the large aggregan PGs and the concentration of ions dissolved in
the interstitial fluid, also known as the Donnan’s effect. Other in-
Dissertations in Forestry and Natural Sciences No 214 5
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fluencing factor is the organization of the collagen matrix and the
material properties of the collagen-PG solid matrix as the water has
to flow through the pores of the tissue controlled by these con-
stituents [3].
2.4 CHARACTERIZATION
There are several methods for the characterization of articular car-
tilage structure. For the in vivo inspection imaging modalities, such
as radiography, MRI, and ultrasound (US) permit visualization of
these structures and can evaluate OA [33]. Radiography is the most
accessible tool in the evaluation of the OA joint. Radiographs are
used to evaluate osteophyte formation and joint space narrowing.
The guidelines for the diagnosis of OA progression are established
by the grading schemes such as the Kellgren-Lawrence grading
scheme and the Osteoarthritis Research Society International clas-
sification score [34, 35]. Contrast enhancement in combination with
compute tomography can help to detect the changes in cartilage
damage [36–38]. MRI serves as a more sensitive modality for the
articular cartilage tissue. It provides multiple imaging techniques
for different purposes [39, 39–42], e.g., T2 relaxation time mapping
which is one of the first quantitative MRI methods applied for as-
sessment of cartilage and it is able to provide information about
the fluid content or the collagen fibril network [43]. From the afore-
mentioned modalities, ultrasound is the most cost-effective, offer-
ing advantages such as the ability to image dynamic structures in
real-time, lack of ionizing radiation, and utility in interventional
procedures [33]. However, if there is need for specific elaboration
and detailed information, US has to be used invasively [44–48].
Detailed determination of articular cartilage constituent makes
necessary to use in vitro methods, where articular cartilage must
be detached from its biological surroundings and histological slices
are prepared for the investigation. The histological quality of the
cartilage has been considered to be one of the most important out-
come tool to reveal severity of cartilage pathology. The well-known
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scoring methods include the Histological-Histochemical Grading
system, developed by Mankin [9, 10], and the OARSI grading sys-
tem [49]. These scoring systems are based on the visual inspec-
tion, giving an estimate of the articular cartilage condition and OA.
Quantitative measurement of articular cartilage constituent proper-
ties requires utilization of histochemistry, biochemistry, microscopy
and spectroscopy. Biochemical determination makes possible to
study the structures and quantities of different molecules, the cells
and organisms in the tissue. This way, e.g., PG content can be deter-
mined by quantifying the uronic acid content and collagen content
by the hydroxyproline content [37, 50, 51]. Microscopical methods
usually utilize chemical staining where chemical compound, bind-
ing into structural constituent, can be measured quantitatively, e.g.,
Masson’s trichrome (MT) staining for collagen, Alcian blue staining
for glycosaminoglycans and Safranin O staining for PGs (section
2.4.1) [15, 52, 52–55]. Laser-scanning and polarized (section 2.4.3)
microscopy are based on the interaction of light with matter, pro-
ducing information about cells and the collagen network, respec-
tively [56, 57]. Spectroscopic methods, e.g., Fourier transform in-
frared spectroscopy (FTIR), near infrared spectroscopy and Raman-
spectroscopy, are based on the interactions of radiant energy with
specific types of matter [58–63]. Strength of microscopic and spec-
troscopic methods, compared to histochemical studying, is the abil-
ity to study the composition location- specifically.
In the following three typically used microscopic methods are
presented to characterize collagen and PGs in a depth-dependent
way in articular cartilage.
2.4.1 Digital densitometry
Digital densitometry (DD) measuring of PG content is based on
the linear relationship between the optical density and the amount
of PGs in the tissue [15, 52, 54, 55]. Articular cartilage sections are
stained using safranin O which binds stoichiometrically to gly-
cosaminoglycan polyanions in PGs. The stain absorps monochro-
matic light which is then quantified using digital imaging and com-
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puterized analysis system. Depth-dependent PG profiles can be
then be formed (Figure 2.2).
2.4.2 Infrared spectroscopy
FTIR is a versatile technique for the assessment of chemical compo-
sition of materials. Infrared spectrometers have been commercially
available since the 1940s. The technique is based on the interactions
of infrared energy with material. Part of the energy is captured
by the vibration and the rotation of the intra- and intermolecular
bonds and the peaks of the absorption spectra can be related to a
specific interaction of the infrared (IR)-energy [64]. Each molecu-
lar bond has its own characteristic resonance frequency what ab-
sorbs the energy. The amount of absorption is proportional to the
change in the dipolar moment of the molecule. The measured FTIR
spectrum is a sum of all the theoretical bond vibrations within the
studied material.
Fourier transform infrared spectroscopy imaging (FTIRI) has
been used in studies to determine collagen and PG content in car-
tilage since 2000 [65, 66]. It uses digital imaging to create spectra
maps of the sample and the collagen and PG content is then de-
termined from Amide I (1710-1595 cm1) and the carbohydrate area
(1185-960 cm1), respectively. Thus, depth-dependent collagen and
PG profiles can be created (Figure 2.2).
2.4.3 Polarized microscopy
PLM is used to evaluate articular cartilage collagen architecture.
PLM measurements can be performed on a light microscope using
two filters, polarizer and analyzer. First, non-polarized light is po-
larized by the polarizer. Polarized light interacts with an anisotropic
material and the polarization plane of the light is rotated via bire-
fringence. The analyzer filter, positioned after the sample perpen-
dicularly to the polarizer, allows then only the light that has been
altered by the sample to be transmitted. The intensity of the re-
sulting signal indicates regions of the tissue which are birefringent,
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anisotropic and oriented.
As detected signal has angular dependence when uniaxial bod-
ies are studied, i.e., in articular cartilage all fibrils are not detected
with equal sensitivity, the full polarization phenomenon can be
characterized mathematically with the Stokes parameters [57]. The
state of polarization can be described by four parameters, deter-
mined by measuring the light intensity of the optical field:
S0 = I(0◦) + I(90◦),
S1 = I(0◦) - I(90◦),
S2 = 2 · I(45◦) - S0,
S3 = S0 - I(90◦+λ/4),
(2.1)
where S0 is the total intensity of the light, S1 the amount of lin-
ear/horizontal polarization, S2 the amount of +45◦ or −45◦ polar-
ization and S3 the amount of right and left circular polarization.
The light intensity (I) subscripts indicate the background corrected
0◦, 45◦ and 90◦, and the 90◦ images taken with additional λ/4-
phase (90◦) retarder plane. The orientation angle, directly related
to the collagen fiber dimension, can be calculated as follows [57]:
Ψ =
arctan( S2S1 )
2
, 0◦ ≤ Ψ ≤ 90◦. (2.2)
Using a CCD-camera, the orientation angle for each collagen fiber
can be calculated in each pixel (Figure 2.2). Other parameters that
can be determined from the data are orientation-dependent bire-
fringence and parallelism index, representing the degree of organi-
zation and anisotropy of the collagen network, respectively [67].
2.5 OSTEOARTHRITIC EFFECTS TO STRUCTURE
The clinical syndrome of OA includes progressive loss of structure
and function of articular cartilage. The locations where osteoarth-
ritis occurs most frequently are the foot, knee, hip, spine, and hand
joints, though deterioration can occur in any synovial joint [5]. Joint
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location and specific characteristics of the cartilage influence the de-
velopment of OA [68]. Osteoarthritic symptoms start usually from
the superficial layer, and the progress of the disease can be divided
into three overlapping stages: alteration of the collagen and PG
matrix, the chondrocytic response to the tissue damage, and the
decline of chondrocytic synthetic response and the progressive loss
of the tissue [1, 5, 8–15, 69].
Collagen fibrillation in the superficial cartilage is among the
very first quantitatively measurable early degenerative alterations
that occur in the beginning OA [8,13,69,70]. Cartilage swells when
its collagen network is degraded [71]. Also, the fibrillation enables
the PGs to escape from the cartilage matrix [5]. Chondrocytes, sens-
ing the changes in osmolarity, charge density or strain, start releas-
ing mediators that stimulate a tissue response [1, 72]. Results con-
cerning collagen content in early OA vary. Expression of the type
II collagen synthesis have been shown [73], possibly leading to in-
crease in the content [70]. Also decrease in the content has been
reported [74]. However, majority of recent studies report that the
collagen content starts to decrease after the alterations in the colla-
gen matrix and PG content continue to progress to deeper zones of
the articular cartilage [5, 8, 70, 75]. Final degenerative alterations in
articular cartilage tissue include chondrocyte death by apoptosis,
subsequently, articular cartilage becomes hypocellular. Concomi-
tantly, articular cartilage starts to wear [5, 8, 75, 76]. Progressing
OA and the degrading articular cartilage exposes adjacent tissues
to alterations. These changes involve subchondral bone changes,
osteophytes, and secondary changes like muscle atrophy.
OA-patient seeks help usually when changes in the related tis-
sues of articular cartilage start. Alterations in the articular cartilage
do not cause any sensation as the tissue is not innervated by nerves.
This leads to delayed diagnoses of OA, after articular cartilage has
already been dramatically damaged. Clinical examinations include
X-ray imaging, MRI or arthroscopy [33].
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2.6 ANIMAL MODELS
Animal models are used to provide a controlled environment for
studying the progression of OA. This way, initiation of disease is
known, progression of the disease can be controlled and studied in
detail, tissues from both diseased and normal animals are available
in quantity, and environmental and dietary factors, and daily physi-
cal activity can be controlled. The most commonly used models are
based on disruption of the mechanical environment of a joint, ei-
ther by surgical procedure of a periarticular structures or by abnor-
mal joint loading (e.g. ligament transection [13, 77], meniscectomy
[78, 79], traumatic impact [80, 81], combination of these [82–84]) us-
ing different animals (e.g. dogs [14, 83], rabbits [13, 17, 77, 79, 85],
rodents [11], sheep [86]).
Anterior cruciate ligament transection (ACLT) (the Pond-Nuki
model [87]) is a recognized method to induce OA in the knee joint
[11, 12, 17, 88–90]. This procedure leads to anterior tibial displace-
ment and increased internal tibial rotation. Altererd loading pat-
terns lead to degenerative changes in the metabolism and struc-
ture of articular cartilage [91,92]. Combined transection of both the
anterior and the posterior ligaments has led to degenerative alter-
ations at two weeks after the operation [70]. Results have shown
the ACLT procedure to produce very similar progression to that of
human OA (section 2.5). Early alterations have included superficial
PG loss and degradation of the collagen matrix has been detected,
while no significant changes have been observed in the collagen
content [13, 17, 85, 93]. Changes have also been detected in the vol-
ume and microstructure of subchondral bone plate and trabecular
bone [94]. Significant decrease in cartilage thickness has been re-
ported after 12 weeks [85]. With ACLT in rabbits, the first signs of
deterioration have been reported to occur at 4 weeks [13, 17, 85, 93].
In transaction models the contralateral side has been typically
used as a control [11, 13, 14, 87, 88, 95], albeit evidence also exists
about changes to the contralateral side [77]. Earlier studies investi-
gating the effect of ACLT on cartilage have usually concentrated on
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either femoral, tibial or patellar cartilage [13, 17, 77, 82, 83,85, 93, 94].
Results concerning structural and mechanical differences between
sites in a knee joint, especially with a continuous depth-wise struc-
tural analysis and a very short time period after transection, are
lacking.
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3 Mechanical properties of
articular cartilage
Mechanical characteristics and interaction between tissue consti-
tuents (mainly collagen, proteoglycans and fluid) contribute strong-
ly to the function of articular cartilage. Collagen mesh provides the
tensile stiffness and interstitial water contributes to the dynamic/
instantaneous stiffness and transient response of cartilage. Under
prolonged loading, the fluid flows out from the tissue leaving the
PGs primarily in charge of the equilibrium stiffness [2]. Thus, the
mechanical behavior of articular cartilage can be understood as a
two-phase composite; the solid matrix that is firmly anchored to
the subchondral bone and the fluid phase that can flow freely in
and out of the tissue [2]. Because of this time-dependent behavior
of the tissue to constant external loads, articular cartilage is com-
monly said to be biphasic and viscoelastic. This chapter reviews in-
finitesimal strain models of articular cartilage. For nonlinear strain
models, please see chapter 4.
Depending on the location of articular cartilage in body, the nor-
mal loading scenarios, and thus demand for distinct mechanical
properties vary. In the knee joint the femoral groove and patella
undergo mainly sliding motion across one another, while femoral
condyles and tibial plateaus experience more axial loads. In addi-
tion to the anatomical locations, the structural and functional prop-
erties of articular cartilage differ depth-dependently also between
animals and age-groups (Table 3.1) [25, 96–100].
A typical method to study articular cartilage functioning is me-
chanical testing. Constant stress or strain causes articular cartilage
to behave time-dependently. Degeneration in tissue constituents af-
fect cartilage function which can be seen by the mechanical testing
data.
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Table 3.1: Typical mean values for material properties of lateral and medial condyles and
patellar groove in different species obtained from indentation testing by Athanasiou et
al. [31]
νs HA k
[MPa] [m4/N·s] × 10−15
Human 0.06 0.61 1.50
Bovine 0.34 0.76 0.77
Dog 0.26 0.69 0.84
Monkey 0.22 0.71 3.80
Rabbit 0.25 0.60 2.56
νs, Poisson’s ratio; HA, aggregate modulus;
k, permeability
3.1 MECHANICAL TESTING
There are different testing geometries and protocols to measure the
mechanical properties of soft tissues [101]. Compression and ten-
sion are most common testing protocols for skeletal tissues. Other
methods such as bending and torsion tests are less often applied.
Tensile testing is normally used for determination of mechanical
properties of ligaments and tendons, which normally experience
tensile strains in vivo. As the main role of articular cartilage is to
provide bearing surface that distributes loads during daily activi-
ties, compression testing is more often used. Compression can typi-
cally be done either using a creep, a stress-relaxation or a sinusoidal
mode. In the creep mode, constant force or stress is applied and the
displacement or strain is measured. In the stress-relaxation and the
sinusoidal protocol, a constant or sinusoidally altered displacement
or strain, respectively, is applied and the force or stress needed to
maintain the displacement is measured. In the sinusoidal mode,
displacement or strain is altered using a constant frequency and
the force or stress is measured. In compression tests normal testing
configurations include confined, unconfined and indentation test-
ing geometries (Figure 3.1).
In confined compression, cartilage is detached from bone and
14 Dissertations in Forestry and Natural Sciences No 214
i
i
i
i
i
i
i
i
Mechanical properties of articular
cartilage
.
Figure 3.1: Illustration of different mechanical testing geometries and protocols (modified
from [101]).
a cylindrical plug is placed in a impervious well and compressed
with a porous filter (Figure 3.1). Unconfined compression uses a
similar cylindrical sample, which is compressed between two im-
permeable plates (Figure 3.1). The fluid flow in confined compres-
sion is possible only in the axial direction whereas in unconfined
compression the fluid flows only in the lateral direction. Indenta-
tion geometry allows measurement of cartilage as it is still attached
to the underlying bone. In this method, cartilage is compressed
with a cylindrical plane- or spherical-ended indenter (Figure 3.1)
and the fluid flow is possible in both axial and lateral direction.
Compression tests should always be done in the elastic range,
where stress and strain at the mechanical equilibrium are linearly
related. Mechanical testing can, however, be done to find out stresses
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and strains needed to cause mechanical failure of cartilage [36,
74]. In this destructive testing, cartilage sample is compressed
or elongated until failure point is achieved. The yield point may
be achieved before destruction of the sample as cartilage behavior
changes from elastic to plastic and irreversible changes to the tissue
start to take place.
3.2 ELASTIC AND TIME-DEPENDENT PROPERTIES OF
ARTICULAR CARTILAGE
Possible changes in mechanical testing data can reveal alterations
in articular cartilage health as interstitial fluid flow, and equilib-
rium and dynamic stiffness of articular cartilage tissue change. As a
poroelastic material with time-dependent behavior, the dynamic re-
sponse results mainly from the interstitial fluid resisting tissue load-
ing and collagen fibril network resisting tensile forces and changes
in shape [3]. The change of shape is usually quantified with the
parameter called the Poisson’s ratio (ν), defined as follows:
ν = −elat
e
, (3.1)
where e is the strain in loading direction and elat is the correspond-
ing strain in horizontal direction. A perfectly incompressible mate-
rial (e.g., rubber), deformed elastically at small strains, would have
a Poisson’s ratio of exactly 0.5. As cartilage is mostly composed
of incompressible water, the Poisson’s ratio in dynamic loading is
nearly 0.5. Yet, after fluid has ceased to flow, in equilibrium the
values have been between 0 and 0.4, displaying variation between
species and sites [2, 31, 102].
3.2.1 Elastic and viscoelastic properties
When the mechanical testing is used to determine either dynamic
or equilibrium properties of articular cartilage, the data is typically
analyzed by using Hooke’s linear elastic model for solid materi-
als [98, 103–105]. Fluid flow out of the tissue under the load causes
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the volume of the cartilage to reduce. Stiffness is then controlled
purely by the solid part of cartilage and the equilibrium aggregate
or Young’s modulus can be calculated. Typically determination of
the equilibrium modulus is done through multi-step tests (increas-
ing strains) and calculating the stress-strain ratio from the slope
(Fig. 3.2):
E =
σ
e
. (3.2)
The dynamic modulus Edyn is defined as follows:
Edyn =
√
E2storage + E2loss, (3.3)
where Estorage is the storage modulus and Eloss the loss modulus.
These can be determined from sinusoidal measurement (Fig. 3.2):
Estorage =
σ0
e0
cos δ
Eloss =
σ0
e0
sin δ,
(3.4)
where σ0 is the measured peak-to-peak amplitude of stress, e0 the
measured peak-to-peak amplitude of strain and δ is the phase lag
between stress and strain.
In indentation testing the solution of Hayes et al. takes into ac-
count the indenter radius and the finite thickness of cartilage [106]:
E =
(1− ν)pia
2κh
P, (3.5)
where a is the indenter radius, κ is the scaling factor (function of
aspect-ratio (a/h) and ν [106]), h is the sample thickness, and P is
the measured stress-strain ratio (pressure).
3.2.2 Fluid flow and Darcy’s law
As discussed above, the equilibrium displacement is determined by
the properties of solid matrix. Permeability k influences the rate of
deformation. The permeability indicates the resistance to fluid flow
through the solid matrix. Darcy’s law states that the average fluid
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.
Figure 3.2: A representative mechanical test data from stress-relaxation (A) and sinusoidal
test (B) protocols. (C) A representative equilibrium stress-strain curve. The equilibrium
Young’s modulus Eeq can be calculated from indentation measurement by implementing
the stress/strain ratio from the slope of the curve into equation 3.5. Dynamic modulus
Edyn can be determined from the sinusoidal test as described in equation 3.3.
flux through a porous sample (q) is proportional to the pressure
gradient (∇P):
q = k∇P. (3.6)
In order to determine the permeability without numerical model-
ing, the measurement has to be done in confined compression in
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order to reduce the number of unknowns (Poisson’s ratio) [107].
A slice of cartilage is supported on a porous plate in a fluid-filled
chamber. High pressure applied to one side of the cartilage drives
fluid flow. The pressure gradient, can be approximated by
∇P ≈ P2 − P1
h
, (3.7)
where P2 is the applied pressure, P1 is the pressure underneath the
sample and h is the thickness of the cartilage sample. High per-
meability allows fluid to flow freely and the equilibrium is reached
rapidly. Lower permeability creates more gradual relaxation. The
average fluid velocity through cartilage v is related to the fluid flux
by the expression
v =
q
φf
, (3.8)
where the parameter φf is the porosity of the tissue, i.e., ratio be-
tween the volume of void-space (VV) and the total or bulk volume
of material, including the solid and void components (VT):
φf =
VV
VT
. (3.9)
The strain-dependency of permeability has been described by [108,
109]:
k = k0eMe, (3.10)
where k0 is the initial permeability and M the permeability strain-
dependency factor.
3.3 OSTEOARTHRITIC EFFECTS TO FUNCTION
As mentioned in section 2.5, OA causes structural changes to articu-
lar cartilage tissue [1,8–15]. These changes start from the superficial
zone and include PG content decrease and collagen matrix fibrilla-
tion that reduce the equilibrium and dynamic stiffness, respectively
(Figure 3.3). When cartilage also swells, the increased fluid content
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and reduced solid content allow easier flow of the interstitial water
out of the loaded cartilage decreasing relaxation time. As the in-
tegrity of the cartilage tissue becomes compromised, tissue strains
increase in the joint, thus increasing the vulnerability of the tissue
to additional damage and OA progression.
Figure 3.3: A representative illustration representing how changes in structural compo-
nents of cartilage in OA affect mechanical stress-relaxation curves. Dashed lines represent
a measurement from a healthy sample and solid lines represent measurement after A) col-
lagen network degeneration, B) PG content decrease, and C) permeability increase.
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4 Fibril-reinforced modeling
of articular cartilage and
optimization
Computational FE modeling differs from conventional elastic anal-
ysis (chapter 3.2.1) in its ability to be able to approximate several
unknown parameters and solve nonlinear problems. Sophisticated
models of cartilage include also structure and composition of ar-
ticular cartilage and inhomogeneous and anisotropic nature of the
tissue [110]. Isotropic (similar properties in all orientations) bipha-
sic material model was the first to describe the time-dependent re-
sponse of articular cartilage due to fluid flow [109,111]. Later, trans-
versely isotropic (directionally dependent i.e., depth-dependent prop-
erties), conewise linear elastic, poroviscoelastic, fibril-reinforced and
triphasic materials for cartilage have been developed [103, 104, 112–
114]. Nowadays, the growth of computing power has enabled the
creation of highly detailed and complicated models.
The fibril-reinforced poroelastic (FRPE) or poroviscoelastic (FR-
PVE) biphasic FE models, consisting of fibrillar and non-fibrillar
parts, can describe the mechanical effects of collagen, PGs and
fluid, and can consider poroelasticity, anisotropy and nonlinearity
in stresses and strains. Poroelastic and biphasic material theories
consider time-dependent fluid flow in the tissue [109]. The non-
fibrillar part has usually been modeled as a linear elastic Hookean
or nonlinear hyperelastic Neo-Hookean material, but for the col-
lagen fibers in cartilage, several material models (e.g., linear elas-
tic, nonlinear elastic, nonlinear viscoelastic) have been presented
[3, 104, 105, 110, 115–121]. The modern fibril reinforced computa-
tional models of articular cartilage can also include inhomogeneous
tissue composition and structure of articular cartilage. Implement-
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ing tissue nonlinear behavior, structure and volume fractions, i.e.,
fluid fraction, proteoglycan content, collagen orientation and colla-
gen content, helps to simulate cartilage nonlinear behavior [8, 29,
110, 120, 122–127].
The total Cauchy stress σt can be expressed with the sum of
stresses caused by the non-fibrillar σnf and fibril σf matrices, fluid
pressure P, and unit tensor I as follows [105]:
σt = σnf + σf − PI. (4.1)
4.1 NON-FIBRILLAR PART
The non-fibrillar part has commonly been modeled as a linear elas-
tic Hookean or nonlinear hyperelastic Neo-Hookean material. Lin-
ear Hooke’s law can be written as:
σE = CeE, (4.2)
where σE is the solid stress tensor, eE the elastic strain tensor and
C the stiffness matrix. C for isotropic materials is:
C =
E
(1 + ν)(1− 2ν)

1− ν ν ν 0 0 0
ν 1− ν ν 0 0 0
ν ν 1− ν 0 0 0
0 0 0 1− 2ν 0 0
0 0 0 0 1− 2ν 0
0 0 0 0 0 1− 2ν
 . (4.3)
Since cartilage tissue behaves highly nonlinearly during large
deformations, the neo-Hookean hyperelastic model [119, 120, 128]
has nowadays surpassed the traditional Hooke’s law [98, 103–105].
The advantage of Neo-Hookean over the conventional Hookean
model is the ability to take into account the compressibility of the
porous nonfibrillar matrix when fluid has expelled from the tissue
during compression. The neo-Hookean hyperelastic non-fibrillar
matrix stress can be expressed as follows:
σnf =
1
2
K
(
J − 1
J
)
I +
G
J
(
B− J2/3I
)
(4.4)
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where B is the left Cauchy Green deformation tensor, J is the de-
terminant of the deformation tensor, K is the bulk modulus and G
is the shear modulus. These two latter parameters depend primar-
ily on the amount of PGs. By using an assumption of infinitesimal
strain, the bulk and shear moduli can be expressed as a function of
the non-fibrillar matrix modulus Enf and the Poisson’s ratio νnf as
follows:
K =
Enf
3(1− 2νnf) , (4.5)
G =
Enf
2(1 + νnf)
. (4.6)
The fluid flow in the non-fibrillar matrix is modeled according to
Darcy’s law (Eq. 3.6).
4.2 FIBRILLAR PART
In the fibrillar matrix, the fibril network can be homogeneously or
depth-dependently distributed [103, 105, 129]. The fibrillar part can
be divided into the primary and secondary fibrils [98,105]. The pri-
mary fibril orientation is constructed in a depth-dependent man-
ner, which can take into account the known zonal variation in fib-
ril orientation (Figures 2.1 & 2.2), while the secondary fibrils are
implemented using randomly oriented fibrils [96, 98, 105, 124]. The
relationship between the primary (σf,p) and secondary fibril stresses
(σf,s) can be written as follows [105]:
{
σf ,p = ρzCσf
σf ,s = ρzσf
, (4.7)
where ρz is the normalized local collagen fibril density and C the
fraction between primary and secondary fibril density. The total
fibril stress σf can be witten as a sum of fibril stresses [105]:
σf =
ftot
∑
i=1
σif , (4.8)
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where ftot is the total amount of individual fibrils and σfi is the
stress of an individual fibril.
For the stiffness of the collagen fibers, several models have been
presented (Table 4.1), but the nonlinearly increasing stiffness and
viscoelasticity are typical characteristics of collagen fibers in articu-
lar cartilage [105, 118, 121].
Table 4.1: Different representations of the mechanical behavior of the collagen fibril network
in mechanical models of articular cartilage. A) Constant fibril stiffness [98, 103–105], B)
Linearly increasing fibril stiffness with strain [103,104], C) Exponentially increasing fibril
stiffness with strain [3,120], D) Nonlinearly increasing viscoelastic fibril strain [105,118].
Fibril stress / Collagen stiffness modulus
A
σf = Efef
⇒ Ef = σfef
B σf =
1
2 E
e
f2e
2
f + E
0
f2ef⇒ Ef = Eef2ef + E0f2
C
σf = A
(
eBef − 1)
⇒ Ef = ABeBef
D σf = − η2√(σf−E0f ef)Eef σ˙f + E
0
f ef +
(
η +
ηE0f
2
√
(σf−E0f ef)Eef
)
e˙f
for ef > 0 and σf = 0 for ef ≤ 0.
σf = fibril stress; Ef = Young’s modulus of the fibril network; ef
= fibril strain; A, B = material constants of the fibril network;
E0f , E
0
f2, E
0
f3 = initial fibril network moduli; E
e
f , E
e
f2, E
e
f3 = strain-
dependent fibril network moduli. η = damping coefficient; σ˙f, e˙f
= stress and strain time derivatives, respectively.
4.3 MODEL PARAMETER OPTIMIZATION
In order to obtain values for material parameters from a cartilage
model, the simulation has to be fitted to the experimental biome-
chanical measurements by altering the material parameters of the
FE model (e.g., initial values of collagen and non-fibrillar network
stiffness and permeability, and the strain-dependencies of these)
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(Figure 4.1). These optimized material parameters can then give
insight into tissue mechanical properties. One way of fitting can
be minimizing the error between the experimental and simulated
reaction forces [130]:
δF =
1
n
n
∑
i=1
(
Fsimi − Fexpi
Fexpi
)2
, (4.9)
where Fsimi and F
exp
i are the forces of the simulated and experi-
mental data at current time point i, respectively. When material
parameters are combined with structural information, the compu-
tational methods can point out the mechanical roles of collagen,
PGs and fluid and provide important and specific information of
the mechanisms during the progression of OA.
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Figure 4.1: Representation of the optimization process. Optimized model parameters and
the minimized mean squared error (δF) after each iteration (Optimization done to a sress-
relaxation experiment). For illustrative purposes, the parameter values have been normal-
ized with respect to the initial values.
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5 Aims of the thesis
Even though structural and functional changes are known to occur
in OA, it is not fully understood how different constituents of car-
tilage are related to functional properties at different stages of OA.
In this thesis work, FE-modeling was used to evaluate structure-
function relationships in articular cartilage in different stages of
OA. Microscopic and spectroscopic methods were used in the as-
sessment of the structural information and mechanical testing com-
bined with FE modeling in the assessment of the functional infor-
mation.
This study aims to improve our understanding of the structure-
function relationships on healthy and osteoarthritic articular carti-
lage, and also can help to understand highly nonlinear mechanical
response of cartilage in indentation.
The specific aims of this thesis were:
1. To evaluate the structural and functional (elastic) changes in
very early osteoarthritis in rabbits.
2. To clarify the structure-function relationships of osteoarthritic
human articular cartilage.
3. To investigate the alterations of fluid flow in mechanically
loaded cartilage in very early OA.
4. To study the importance of different constituents (their con-
tent and mechanics) on cartilage nonlinearities.
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6 Materials and methods
In four separate studies (studies I-IV), the structural and mechan-
ical characteristics of articular cartilage were studied using experi-
mental and computational methods. Samples in use were osteoarth-
ritic human, and healthy and osteoarthritic rabbit articular cartilage
harvested from hip and knee joint, respectively. Histological scor-
ing and microscopical and spectroscopical methods i.e., FTIR, DD,
PLM were used to assess the structural data. For the assessment
of cartilage function, mechanical testing was combined with fibril-
reinforced FE modeling. A novel fibril-reinforced material model
was also developed and used to replicate highly nonlinear exper-
imentally measured stress-relaxation curves measured from rabbit
articular cartilage in indentation using stress-relaxation tests.
Table 6.1: Materials and methods used in studies I-IV.
Study Samples Study purpose Methods
I osteoarthritic
human hip joint
Structure-function relation-
ships in human OA
DD, FTIRI, PLM, Histo-
logical scoring, Mechanical
testing→ FE modeling
II ACLT and
healthy rabbit
knee joint
Structural and functional
(elastic) changes in early
OA
DD, FTIRI, PLM, Histo-
logical scoring, Mechanical
testing→ Elastic moduli
III ACLT and
healthy rabbit
knee joint
Functional changes in early
OA - detailed inspection
using FE modeling
FE modeling of the mea-
surements from study II
IV A rabbit knee
joint
A novel representation for
the fibril network nonlin-
earity
FE modeling
DD = Digital densitometry, FTIR = Fourier transform infrared spectroscopy imaging,
PLM = Polarized microscopy
6.1 SAMPLES AND PROCESSING
Cartilage samples used in the studies were harvested from human
hip and rabbit knee joint. In study I, articular cartilage samples
with subchondral bone (n=15, from 9 patients, diameter=18mm)
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had been harvested from random locations in human femoral heads
during hip replacement operations. Samples were stored in DMEM
(1 g/l D-glucose, L-glutamine- and phenol red-free, Invitrogen,
Paisley, UK) supplemented with 100 U/ml of penicillin, 100 µg/ml
of streptomycin (EuroClone S.p.A, Pavia, Italy) and 2.50 µg/ml
Fungizone (amphotericin-B) (Invitrogen, Paisley, UK) in the incu-
bator (37 ◦C) for 24 or 48 hours before mechanical testing.
In studies II-III, skeletally mature, female New Zealand white
rabbits (Oryctolagus cuniculus, age 14 months, n=16) were used for
all tests. Unilateral ACLT was performed in eight rabbits and the
contralateral joints were used for analysis as a contralateral (C-L)
group. Animals were sacrificed at 4 weeks following ACLT and
knee joints were dissected, immersed into PBS and ACLT and C-L
groups were frozen in dry ice and shipped from Calgary, Alberta,
Canada to Kuopio, Finland. In Kuopio, the knee joints were then
thawed slowly at room temperature and cartilage-on-bone samples
(entire joint surfaces) were harvested and used for biomechanical
testing. The cutting was done using a fine diamond saw blade while
keeping the samples moist with a PBS shower. Before and dur-
ing mechanical testing, cartilage samples were kept in phosphate
buffered saline (PBS) containing enzyme inhibitors. Six knee joints
from three non-operated rabbits and ten knee joints from five non-
operated animals were used as a separate control group (CTRL) in
studies II and III, respectively.
In study IV, model verification was conducted using a lateral
C-L femoral condyle sample, and the optimal material model was
then compared with the measurements done in other sites of the
knee joint (medial femoral condyle, lateral and medial tibial plateau,
and femoral groove). Measurements from one animal (out of 8)
were used for model optimization and verification, representing
close to average of all samples in each location.
The human hip joint samples were collected with the permis-
sion from the National Agency for Medicolegal Affairs in Finland
(permission 103/13/03/02/09). ACLT procedures for rabbits were
approved by the Animal Ethics committee at the University of Cal-
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gary and the guidelines of the Canadian Council on Animal Care
were followed.
6.2 BIOMECHANICAL TESTING AND ELASTIC ANALYSIS
All mechanical measurements were conducted for cartilage-bone
samples in indentation geometry using a stress-relaxation protocol.
The instruments used for the biomechanical measurements were a
custom made high-precision material testing device [131] (resolu-
tion: 0.1 µm, 0.005 N) in Kuopio and an MTS 858 Mini Bionix II
(MTS Systems, Eden Prairie, MN, USA; resolution: 0.1 µm, 0.001
N) in Calgary. Indenter diameter was 1.19 mm in study I and 1 mm
in studies II & III. Thickness of the samples was first measured us-
ing a high resolution ultrasound system [44,132] (Clear View Ultra,
Boston Scientific Corporation, San Jose, CA, USA) except for the
CTRL samples; in study II the thicknesses were based on prelimi-
nary measurements of other samples using a needle-probe method,
and in the study III the thicknesses were obtained from optical co-
herence tomography (OCT) (Ilumien PCI Optimization System, St.
Jude Medical, St. Paul, MN, USA) [133, 134]. The approximated
thicknesses were confirmed by microscopy and corrected, if neces-
sary, for the calculations of elastic moduli and FE modeling.
In study I, the biomechanical measurement location was defined
as the center point of cylindrical cartilage-bone plugs. In studies II-
III, the measurements were conducted on the femoral condyles and
tibial plateaus in the center of the weight-bearing areas and on the
femoral groove in the center of the contact area with patella, as
determined with the knee in its neutrally flexed position [25, 135].
These locations were defined as the top point (apex of the posterior
curvature) of femoral condyles and groove and the central point of
tibial plateaus for femur and tibia, respectively. Measurement loca-
tions in tibial plateaus were also close to the inner edge of meniscus.
The samples were then glued on the bottom of the measuring
chamber, which was then filled with PBS. The indenter was driven
into contact with the sample surface, after which the sample was
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allowed to relax for 15 min. Perpendicularity between the cartilage
and the indenter surfaces was confirmed using a goniometer. The
protocols consisted of four steps in study I and three steps in stud-
ies II and III, each of them followed by a 900 s relaxation time. The
ramp rate was 100 %/s and the step size 5% of cartilage thickness.
Before mechanical testing, the rabbit cartilage samples were pre-
conditioned using a cyclic 2 % strain (4 full cycles) and the samples
were allowed to relax 15 min before mechanical testing. Also after-
wards, a sinusoidal dynamic test was performed with a frequency
of 1 Hz (amplitude 4 % of remaining thickness, 4 cycles).
The elastic moduli for work II were determined using the equa-
tion derived from the solution of Hayes et. al. (Eq. 3.5). The
slope from the equilibrium stress-strain curves and the peak-to-
peak stress-strain ratio from the sinusoidal tests (average of 4 cy-
cles) were determined. The Poisson’s ratio was assumed to be 0.1
for the equilibrium and 0.5 (incompressible) for the dynamic mod-
ulus calculations [131, 136].
The measurement locations were marked, using a fine point per-
manent marker, for the histological measurements, and the sam-
ples were fixed in formalin before processing for histology. Sam-
ples were then decalcified, dehydrated in graded alcohol solutions,
and embedded in paraffin (Paraplast Plus, Lancer Division of Sher-
wood medical, Kildare, Ireland). Microtome (LKB 2218 HistoRange
mocrotome, LKB produkter Ab, Bromma, Sweden) was used in cut-
ting sections perpendicular to the cartilage surface. Fourier trans-
form infrared spectroscopy (FTIR) and polarized light microscopy
(PLM) sections (thickness 5 µm) had PGs enzymatically removed
using hyaluronidase (1000 U/ml hyaluronidase, SigmaeAldrich, St.
Louis, MO, USA) [13]. Digital densitometry sections (thickness 3
µm) were stained with Safranin O [52].
6.3 MICROSCOPICAL AND SPECTROSCOPICAL ANALYSIS
Microscopy and spectroscopy were used in determination of the
depth-dependent structure and composition of the samples. Colla-
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gen content was measured using Fourier Transform-Infrared Spec-
troscopic Imaging, PG content was analyzed using digital densito-
metry, and polarized light microscopy was used to analyze collagen
fibril orientation angles (Fig. 2.2). The determined depth-wise pro-
files of all samples were interpolated to 100 points. Also a Mankin
scoring was done to represent the severity of OA in the samples
(average value of three blinded scorers).
6.3.1 Digital densitometry
The spatial distribution of PGs was determined using DD for Safra-
nin O stained histological sections (Fig. 2.2) [52,55]. Four sections in
study I and three sections in studies II-III from each sample were
measured using a light microscope (4x magnification) (Olympus
CH-2, Olympus, Tokyo, Japan) with a computer-controlled Perkin
Elmer UltraPix FSI CCD camera (Perkin Elmer, MA, USA). The op-
tical density was used to estimate the distribution of tissue fixed
charge density from the captured grayscale images. Pixel values of
1.4 µm were averaged in the transverse direction and the average
depth-wise profiles were created from the sections of each sample
at 1% increments of tissue depth.
6.3.2 Fourier transform infrared imaging spectroscopy
Spatial distribution of the collagen content was determined using
FTIRI (Fig. 2.2) [8, 65, 75, 137] using a PerkinElmer Spotlight 300
(PerkinElmer, Shelton, CO, USA) with CO2-free dry air purge sys-
tem (FT-IR purge gas generator, Parker Hannifin corporation, Haver-
hill, MA, USA). Two microscopic sections, installed on BaF2 win-
dows, were measured from each sample. 4 cm−1 spectral resolution
and 6.25 µm pixel resolution with 3 repeated scans in study I and
4 repeated scans in studies II-III were used. The collagen content
was estimated by integration of the amide I region (1585 – 1720 cm-
1). Amide I maps were averaged in the transverse direction, and
a mean profile of two sections was calculated to create depth-wise
collagen profiles for each sample at 1% increments of tissue depth.
Dissertations in Forestry and Natural Sciences No 214 33
i
i
i
i
i
i
i
i
Janne Mäkelä: Structural and Functional Alterations of Articular
Cartilage in Osteoarthritis
A custom made Matlab script was used for IR spectra analysis.
6.3.3 Polarized microscopy
Collagen orientation angles were analyzed with PLM [22, 67] by
using Leitz Ortholux II POL-polarized microscope (Leitz, Wetzlar,
Germany) equipped with a CCD camera (Photometrics CH 250/A,
Photometrics Inc., Tucson, AZ, USA). Three sections in study I and
IV in studies II-III were measured from each sample. Images were
obtained using a magnification of 6.3x and the measured pixel val-
ues of 3.65 µm were averaged in the transverse direction. Mean
profiles for every sample were calculated from the section profiles
at 1% increments of tissue depth. Collagen fibers parallel to the
cartilage surface were assigned to have an angle of 0◦ (superficial
zone) and fibers perpendicular to the cartilage surface obtained an
angle of 90◦ (deep zone).
6.4 FINITE ELEMENT ANALYSIS
6.4.1 Model generation
In order to obtain the optimized values of the material parameters,
fibril-reinforced poroviscoelastic models were fitted to the experi-
mental biomechanical measurements in studies I, III and IV using
Abaqus (V6.10, Dassault Systèmes Simulia Corp., Providence, RI)
and Matlab (V7.10.0, The MathWorks, Inc., Natick, MA) (Fig 6.1).
Apart from study IV (see section 6.4.3), articular cartilage models
consisted either of a viscoelastic (Table 4.1 D, study I) or an elastic
(Table 4.1 A, study III) fibrillar network and a biphasic porohypere-
lastic, non-fibrillar matrix (Eq. 4.4) [103,104]. The fibrillar part con-
sisted of horizontally oriented primary fibrils (n=4) and randomly
oriented secondary fibrils (n=13) (Eq. 4.7). In all studies (I, III, IV),
the relative density (C) between primary and secondary fibrils was
set to 12.16 [96, 105, 118].
The non-fibrillar matrices in the models were modeled as a Neo-
Hookean porohyperelastic material (Eq. 4.4) with the Young’s mod-
34 Dissertations in Forestry and Natural Sciences No 214
i
i
i
i
i
i
i
i
Materials and methods
ulus (Enf), Poisson’s ratio (νnf) and permeability (k). The permeabil-
ity was dependent on the void ratio as follows:
k = k0
(
1 + e
1 + e0
)M
, (6.1)
where e and e0 are current and initial void ratios, respectively.
In study I, the mechanical properties of the viscoelastic fibrils
were expressed with the initial fibril network modulus E0f , strain-
dependent fibril network modulus Eef , and damping coefficient η.
In study III, the mechanical properties of the elastic fibrils were
expressed with the Young’s modulus of the fibril network Ef.
The FE meshes consisted of 624 (study I), 320 (study III), and
960 (study IV) linear axisymmetric pore pressure continuum ele-
ments. The following boundary conditions were applied: the car-
tilage edge and free surface were assumed to be fully permeable
(zero pore pressure), the contact between the indenter and cartilage
was assumed to be impermeable and the cartilage-bone interface
was fixed in all directions. Lateral displacements were prevented
at the axis of symmetry and fluid was not allowed to penetrate this
boundary. Sample-specific or depth-wise structure was not imple-
mented in the studies I and III in order to be able to concentrate
purely on the mechanical effects of the tissue independent of its
structure.
Figure 6.1: A Finite element mesh (A) and experimental stress-relaxation responses with
optimized model predictions (B) for human femoral head (left hand side) and rabbit femoral
condyle (right hand side) cartilage.
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6.4.2 Optimization
Values of mechanical model parameters were acquired by using an
optimization process (Fig. 6.1). Mean squared relative error (plus
weight on the peak forces in study IV) between the measured and
simulated reaction forces, δF, was minimized (Eq. 4.9). Minimiza-
tion of error was done using Matlab’s built-in minimum search al-
gorithm (fminsearch). In study III the model was fitted only to the
second measured stress-relaxation step.
In work IV, difference between the peak values (experimental
and computational) in the beginning of each step was added to the
relative error calculations [130]:
+100× 1
k
3
∑
k=1
(
Fsimk − Fexpk
Fexpk
)2
, (6.2)
where Fsimk and F
exp
k are the peak force values in each step (k) of the
simulated and experimental force curves, respectively. The equa-
tion 6.2, improving the correspondence between the models and
experiments, was based on extensive preliminary tests.
Optimized parameters were: initial fibril network modulus E0f ,
strain-dependent fibril network modulus Eef , non-fibrillar matrix
modulus Enf, initial peremability k0 and permeability strain-depen-
dency factor M in study I, and fibrillar matrix modulus Ef, non-
fibrillar matrix modulus Enf and permeability k in study III. The
rest of the material parameters were kept constant and taken from
the literature [25, 96, 103, 105, 117, 118]; Poisson’s ratio of the non-
fibrillar matrix νnf = 0.15 and damping coefficient η = 947 MPa s in
study I and νnf = 0.42 in study III. Model parameters used in study
IV have been described in the next chapter.
6.4.3 Development of collagen nonlinearity
Authors wanted to study reasons why previously used material
models (Table 4.1) were not able to fully reproduce the nonlin-
ear mechanical responses of rabbit cartilages in studies II and III.
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Thus, the effects of experimentally measured depth-dependent vol-
ume fractions on cartilage nonlinearities were studied. Finally, a
novel representation of the mechanical nonlinearity of the collagen
network was developed and tested.
Total of eight separate material models were tested with dif-
ferent properties (Table 6.2). The first material tested was a Neo-
Hookean porohyperelastic material without the fibrillar network
(1) (Eq. 4.4). The fluid flow in the non-fibrillar matrix was mod-
eled according to Darcy’s law (Eq. 3.6). The optimized material
parameters for this model were the Young’s modulus Enf and per-
meability k [2, 116, 131, 138]. The Poisson’s ratio was fixed to νnf =
0.25 and tissue fluid fraction to 78% [2].
The rest of the models were fibril-reinforced, consisting of fib-
rillar and non-fibrillar parts (Eq. 4.1). The non-fibrillar matrix was
homogeneous in all the models as the depth-wise PG distribution
was not highly inhomogeneous (study II). The Poisson’s ratio of
the non-fibrillar matrix was set to 0.42 [25, 103, 117]. For the mod-
els 2 and 3 (Table 6.2), the permeability (k) was constant. For the
nonlinear models 3-8, the permeability was dependent on the void
ratio (Eq. 6.1). The fibrillar parts were either homogeneous (models
2,4) or depth-dependent (models 3,5-8) to be able to characterize
the effect of an inhomogeneous collagen architecture and content.
In the homogeneous models, primary fibrils were oriented parallel
to the cartilage surface and the fibril density was constant (ρz=1).
In the inhomogeneous models, the primary fibrils had an arcade
like orientation and ρz was linearly increasing from cartilage sur-
face to bone interface (Fig. 2.1). The depth-wise characteristics had
been obtained from study II. Water fraction was set to constant 78%
and linearly decreasing from 0.85 to 0.7 (surface to bottom) in the
homogeneous and inhomogeneous models, respectively [139]. The
effect of the depth-dependent non-fibrillar matrix modulus (Enf) to
the simulations was tested, having virtually no effect on the stress-
relaxation response.
In the fibril-reinforced materials, collagen network stresses were
modeled using four commonly used equations and one novel one
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Table 6.2: Material models used in the studies I, III and IV.
Optimized
Material model Structure* parameters
I Fibril-reinforced poroviscoelastic (Table 4.1 D) H E0f , E
e
f , Enf, k0, M
III Fibril-reinforced poroelastic (Table 4.1 A) H Ef, Enf, k
Constant fibril network modulus
IV
1 Poroelastic (Eq. 4.4) H E, k
2 Fibril-reinforced poroelastic (Table 4.1 A) H Ef, Enf, k
Constant fibril network modulus
3 Fibril-reinforced poroelastic (Table 4.1 A) DW Ef, Enf, k
Constant fibril network modulus
4 Fibril-reinforced poroviscoelastic (Table 4.1 D) H E0f , E
e
f , Enf, k0, M
5 Fibril-reinforced poroviscoelastic (Table 4.1 D) DW E0f , E
e
f , Enf, k0, M
6 Fibril-reinforced poroelastic (Table 4.1 C) DW A, B, k0, M
Exponentially increasing stress for the fibrils
7 Fibril-reinforced poroelastic (Table 4.1 B) DW E0f2, E
e
f2, Enf, k0, M
Linearly increasing fibril network modulus
8 Fibril-reinforced poroelastic (Eq. 6.3) DW E0f3, E
e
f3, Enf, k0, M
Nonlinearly increasing fibril network modulus
*H=Homogeneous, DW=Depth-wise
Homogeneous structure
Constant water content (0.78)
Constant fibril density (1)
Horizontally oriented primary fibrils
Depth-wise structure
Depth-wise water content (0.85-0.7)
Depth-wise fibril density (0.8-1.2)
Arcade-like orientation of primary fibrils
E - Young’s modulus for the hyperelastic model, Enf - non-fibrillar matrix modulus, k
- permeability, k0 - initial permeability, M - permeability strain-dependency factor, Ef -
Constant Young’s modulus of the fibril network, A, B - material constants of the fibril
network, E0f , E
0
f2, E
0
f3 - initial fibril network moduli, E
e
f , E
e
f2, E
e
f3 - strain-dependent fibril
network moduli. See Table 4.1.
(Tables 6.2 and 4.1) [104,105,110,118,120,128]. Models 2 and 3 com-
prised of a constant Young’s modulus for the collagen fibrils [2,123].
Flow-independent viscoelasticity for the fibrils was implemented in
the models 4 and 5 [2,105,118]. Model 6 was composed of an expo-
nentially increasing elastic collagen fibril network stress as a func-
tion of strain [2, 110, 120]. In the model 7, stresses of the collagen
fibrils were defined by a linearly increasing Young’s modulus as a
function of strain [104, 140]. Finally, a novel constitutive equation
for the nonlinear collagen fibril network stress was derived for the
model 8:
38 Dissertations in Forestry and Natural Sciences No 214
i
i
i
i
i
i
i
i
Materials and methods
σf =
1
3
Eef3e
3
f + E
0
f3ef ⇒ Ef = Eef3e2f + E0f3, (6.3)
where E0f3 is the initial fibril network modulus and E
e
f3 the strain-
dependent fibril network modulus. This equation included more
strain-dependently increasing collagen fibril network stress com-
pared to the other models.
6.5 STATISTICAL ANALYSIS
Study I: The measured microscopic and spectroscopic parameters
(PG and collagen content and collagen orientation) were analyzed
for the superficial layer (5% of cartilage thickness) and linear cor-
relation analysis (Pearson) was used to determine the relationships
between these parameters and the model-derived mechanical pa-
rameters.
Study II: Statistical point-by-point comparisons between the
groups were made using a linear mixed model analysis of variance
(MMA). Knee joint locations of femoral condyle, femoral groove,
and tibial plateau were analyzed separately. The sample group was
set as a fixed-type variable, in terms of mixed models notations. The
measurement of the standardized depth (1-100) was used both as a
fixed-type variable and as an animal specific random-type variable,
to detect the overall effect of the depth, and to take into account the
variation caused by the individual animals, respectively. For the es-
timates of the variance and covariance parameters, restricted maxi-
mum likelihood (REML) estimation was used. Estimated means for
the different groups (ACLT, C-L, CTRL) were then obtained from
the fitted model. Statistical analyses were carried out using SPSS
(ver. 19, SPSS Inc., Chicago, IL).
Study III: Statistical comparisons for the model parameters be-
tween groups were done using the Kruskal-Wallis (K-W) non-pa-
rametric analysis of variance (ANOVA). Although MMA had been
used in study II, in this study, the K-W results did not differ from
the MMA tests and the animal specific variations were only signif-
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icant for one test (Enf in femoral groove). Statistical analyses were
carried out using SPSS (ver. 21, SPSS Inc., Chicago, IL).
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7.1 EARLY OSTEOARTHRITIC CHANGES IN ARTICULAR
CARTILAGE STRUCTURE
Summary of the significant changes (p < 0.05) in the cartilage struc-
ture at the computationally modeled depth (stress-relaxation test,
second step, from 5% to 10% of tissue thickness) as a result of ACLT
is shown in Table 7.1 (Studies II and III). The mean values and 95%
CIs of PG content profiles, collagen orientation angles and collagen
content in different groups of lateral and medial femoral condyles
and tibial plateaus, and femoral groove are shown in Figs. 7.1, 7.2
and 7.3.
Table 7.1: Summary of the significant changes (p < 0.05) in the structure and function of
early osteoarthritic cartilage caused by the ACLT. Structural results (study II) have been
gathered from 5-10 % of the normalized tissue depth as the FE model in study III was
fitted only to the second measured stress-relaxation step. The ACLT group samples have
been compared to the control group samples. The C-L results compared to control group
results are in brackets.
Femoral condyle Tibial plateau Femoral groove
Lat Med Lat Med
Mankin score (Absolute change) +3.8 +4.8 ns +1.7
(+1.4)
+1.1
PG content -38% -34% -14% -16% -19%
Collagen orientation angle +59%
(+24%)
+11%
(+15%)
+21%
(+28%)
+38%
(+36%)
+76%
(+97%)
Collagen content +10% +10% ns ns -13%
(-18%)
Equilibrium modulus ns -69% -81% ns ns
Dynamic modulus -71%
(-64%)
-69%
(-46%)
ns ns ns
Ef -79%
(-77%)
-81%
(-76%)
(-53%) (-30%) -87%
(-88%)
Enf -44% ns ns ns ns
k +220%
(+360%)
+74%
(+110%)
+210%
(+340%)
(+140%) +1630%
(+1050%)
7.1.1 Mankin scores
Average Mankin scores ranged from 1.0 to 4.8 in the ACLT group
samples, highest values observed in femoral condyles (Table 7.1).
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Group averages in the C-L and CTRL group samples ranged from
0.4 to 1.6 and from 0 to 0.7, respectively. Mankin scores of the sam-
ples were significantly greater (p < 0.05) at all sites in the ACLT
compared to the CTRL group, except at lateral tibial plateau carti-
lage. The ACLT group values were also significantly greater than
those in the C-L group in femoral condyles (p < 0.05). Only in
medial tibial plateau, the average Mankin score in the C-L group
samples was significantly higher than that in the CTRL group sam-
ples (p = 0.010). ACLT had no effect on the thickness of the cartilage
samples between the groups (p > 0.05).
7.1.2 Proteglycan content
The amount of PGs in the ACLT group, compared to the other
groups, was reduced significantly at all sites (Table 7.1 and Fig. 7.1).
In the thickness of 5-10% from the surface, the greatest decrease in
the PG content was revealed in femoral condyles. In the femoral
condyle and femoral groove cartilages, the total decrease was seen
up to top 20-30 % of tissue thickness, and in the tibial plateau car-
tilages in the top 10 %. In the medial tibial plateau, the samples
in the C-L group differed also significantly from those of the CTRL
group in the top 5 % of cartilage thickness. The PG content had
increased in the lateral femoral condyle of the the ACLT and C-L
groups, compared to the those of the CTRL group, at 20-78 % of
normalized tissue depth. A similar increase was also seen in the
medial tibial plateau cartilage in the ACLT group compared to the
CTRL group ( 25-78 % of normalized depth).
7.1.3 Collagen orientation
Superficial collagen fibril disorganization was demonstrated in the
ACLT and C-L groups, as compared to the CTRL group, at all mea-
surement sites (Table 7.1 and Fig. 7.2). The depth of the largest
changes in the ACLT samples, compared to the CTRL, reached 57
%, 21 % and 33 % of tissue thickness in lateral femoral condyles,
medial tibial plateaus and femoral groove, respectively. Between
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5-10% of normalized tissue depth, the largest changes were found
in the femoral groove in both the ACLT and C-L groups.
7.1.4 Collagen content
The collagen content was higher in the middle and deep zones
of the ACLT joint samples compared to the other groups in the
femoral condyles (Table 7.1 and Fig. 7.3). In the lateral femoral
condyle, the increased collagen content reached almost the carti-
lage surface still being significant between 5-10% of the normal-
ized depth. In the medial side, the increase was observed from 50
% of cartilage thickness to the cartilage-bone interface. In the tib-
ial plateaus and femoral groove, the collagen content in the ACLT
group cartilages had decreased in the superficial and intermediate
zones; the difference was observed up to 50 % of normalized tis-
sue depth. At 5-10% of the normalized depth in femoral groove
cartilage, this decrease was also significant in the C-L group (Table
7.1).
7.2 EARLY OSTEOARTHRITIC CHANGES IN RABBIT
ARTICULAR CARTILAGE FUNCTION
Summary of the significant changes (p < 0.05) in the cartilage func-
tion as a result of ACLT is shown in Table 7.1 and Figs. 7.1, 7.2 and
7.3 (Studies II and III).
7.2.1 Elastic analysis
Alterations were measured in the equilibrium and dynamic moduli,
especially in the femoral condyle cartilage. In the femoral condyles,
the equilibrium modulus of cartilage was significantly lower in the
ACLT than that observed in the C-L group, for both, the lateral (p
= 0.034) and the medial side (p = 0.019). The equilibrium modulus
of medial femoral condyle and lateral tibial plateau cartilage in the
ACLT group was significantly lower than that in the CTRL group
(p = 0.049, p = 0.002, respectively). No significant changes in the
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equilibrium modulus were observed in the femoral groove cartilage
due to the ACLT.
Femoral condyle cartilages were the only locations where the
dynamic elastic modulus was measured to decrease significantly
due to the ACLT. The moduli were significantly lower in the ACLT
and C-L groups compared to the CTRL group animals, both in the
lateral (p < 0.001 and p = 0.001, respectively) and medial sides (p <
0.001 and p = 0.006, respectively).
7.2.2 Fibril-reinforced poroelastic analysis
ACLT caused significant changes to all FE model parameters, great-
est changes measured in the permeability, k. The non-fibrillar ma-
trix modulus, Enf, of the ACLT group cartilage decreased signifi-
cantly only in the lateral femoral condyle cartilage. The fibril net-
work modulus, Ef, was reduced in the ACLT group cartilages, ex-
cept in the lateral and medial tibial plateaus. Apart from medial tib-
ial plateau cartilage, the permeability k was increased in the ACLT
group cartilages. Between the C-L and CTRL groups, Ef and k were
significantly different (p < 0.05) for all sites, Ef being lower and k
higher in the C-L group cartilages.
7.3 OSTEOARTHRITIC CHANGES IN HUMAN ARTICULAR
CARTILAGE STRUCTURE AND FUNCTION
Degeneration of the cartilage samples, which was observed using
Mankin scoring, caused distinct depth-dependent alterations in all
spectroscopic and microscopic parameters; lowering the collagen
and PG content throughout tissue depth and increasing the colla-
gen orientation angle in the superficial and middle zones of the
samples.
7.3.1 Mankin scores
The Mankin score of the samples varied from 2 to 11. Significant
linear correlations were found between the Mankin score and all
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structural parameters of the superficial tissue; r = −0.64, p = 0.010
with the collagen content, r = −0.55, p = 0.03 with the PG content,
r = 0.58, p = 0.02 with the collagen orientation and r = −0.64,
p = 0.011 with the sample thickness.
7.3.2 Structure-function relationships
In study I, negative correlation between the collagen orientation
angle and the strain-dependent collagen network modulus Eef was
observed (r = −0.65, p = 0.009) (Table 7.3.2). Collagen content
and PG content correlated positively with the permeability strain-
dependency factor, M (r = 0.56, p = 0.03), and the non-fibrillar
matrix modulus, Enf (r = 0.54, p = 0.04), respectively.
Table 7.2: Linear correlation coefficients (Pearson) between the structural (5% from super-
ficial zone) and mechanical parameters of osteoarthritic human hip joint articular cartilage
E0f E
e
f Enf k0 M
PG content 0.38 0.01 0.54* -0.19 0.23
Collagen orientation angle -0.20 -0.65** -0.22 -0.03 -0.23
Collagen content 0.33 0.16 0.28 0.10 0.56*
E0f - the initial collagen network modulus,
Eef - the strain-dependent collagen network modulus,
Enf - the non-fibrillar matrix modulus,
k0 - the initial permeability,
M - the permeability strain-dependency factor.
* p < 0.05
** p < 0.01
7.4 VALIDATION OF THE NOVEL FORMULATION FOR
COLLAGEN NONLINEARITY
The porohyperelastic model (model 1), without the fibrillar net-
work, (Table 6.2) was not able to capture early time points in the
experimental stress-relaxation data (Fig. 7.4). The fibril-reinforced
poroelastic model (model 2) with constant Young’s modulus for
the collagen fibrils was also inadequate in replicating the experi-
mental forces. This model was not improved with implementation
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of the realistic depth-wise tissue structure and composition (mo-
del 3). Collagen viscoelasticity (model 4) improved the modeled
responses considerably, but still the model was not able to capture
all peak forces, and the realistic tissue structure (model 5) did not
improve the model fit. The exponential representation of collagen
fibrils weakened the correspondence between the model and ex-
periment (model 6). The matches between the experimental data
and model prediction were obtained when implementing linearly
(model 7) and nonlinearly (model 8) increasing Young’s modulus
of the collagen fibril network as a function of strain into the model,
the latter giving the best result by deviating only ∼3% from the
experimental data.
The average relative difference between the model and experi-
mental stress-relaxation data remained low when the novel mate-
rial model with nonlinearly increasing Young’s modulus as a func-
tion of fibril strain (model 8) was applied to other measurement
sites. Acquired parameters displayed site-specific variation and
mean squared relative error (± standard deviation) for the entire
stress-relaxation curve was 3.4 ± 1.5%, while that for the peak
forces was 3.8 ± 2.7%.
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Figure 7.1: Mean values (and 95% CIs) of PG content profiles and the non-fibrillar matrix
modulus Enf of lateral (left hand side) and medial (right hand side) femoral condyles (A)
and tibial plateaus (B), and femoral groove (C) in different groups. Dashed line in the top
shows spatially significant differences between two groups of those color (p < 0.05). In
the middle, a column bar graph showing the mean values of parameters with 95% CIs and
statistical differences between groups. ∗p < 0.05, ∗ ∗ p < 0.01, ∗ ∗ ∗p < 0.001.
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Figure 7.2: Mean values (and 95% CIs) of collagen orientation angles and the fibril net-
work modulus Ef of lateral (left hand side) and medial (right hand side) femoral condyles
(A) and tibial plateaus (B), and femoral groove (C) in different groups. Dashed line in the
top shows spatially significant differences between two groups of those color (p < 0.05). In
the middle, a column bar graph showing the mean values of parameters with 95% CIs and
statistical differences between groups. ∗p < 0.05, ∗ ∗ p < 0.01, ∗ ∗ ∗p < 0.001.
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Figure 7.3: Mean values (and 95% CIs) of collagen content and the permeability k of
lateral (left hand side) and medial (right hand side) femoral condyles (A) and tibial plateaus
(B), and femoral groove (C) in different groups. Dashed line in the top shows spatially
significant differences between two groups of those color (p < 0.05). In the middle, a
column bar graph showing the mean values of parameters with 95% CIs and statistical
differences between groups. ∗p < 0.05, ∗ ∗ p < 0.01, ∗ ∗ ∗p < 0.001.
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Figure 7.4: Experimental stress-relaxation responses and optimized finite-element model
predictions of different material models for rabbit lateral femoral condyle cartilage.
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8 Discussion
Alterations in the structural and functional properties were studied
in healthy and osteoarthritic rabbit and human articular cartilage.
Results of this thesis indicate alterations in the structure and func-
tion that take place before actual cartilage wear. Those alterations
were particularly related to the collagen network and interstitial
fluid, and they were highly site-dependent. Finally, in order to suc-
cessfully replicate the measured highly nonlinear dynamic response
of a rabbit knee joint articular cartilage, a novel model with highly
nonlinear collagen fibril network was needed. In the following, the
meaning and significance of the main results are discussed.
8.1 SITE-SPECIFIC PROPERTIES OF RABBIT ARTICULAR
CARTILAGE AND ALTERATIONS IN EARLY
OSTEOARTHRITIS
The mechanical properties of healthy rabbit cartilage displayed site-
dependent variation [141]. Ef was lowest and k highest at the me-
dial tibial plateau, where the values also differed significantly from
those measured on the lateral side (p < 0.01). Medial tibial plateau
cartilage has also been shown previously to have lower fibril net-
work stiffness and higher permeability compared to medial femoral
condyle cartilage [25,117], a result also obtained using bovine sam-
ples [96].
Low tensile stiffness, high permeability, and relatively high non-
fibrillar matrix modulus enables fast relaxation and high strength
under prolonged loading. It may be that the tibial plateau carti-
lage contributes primarily to the viscous dissipation of loads in the
knee, while meniscus (not considered here) may be the elastic shock
absorber [140, 142, 143].
Earlier, high dynamic stiffness of femoral condyle and groove
cartilage have been shown in lapine and canine cartilage samples
[138,144–146]. We found femoral groove cartilage to have the high-
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est fibrillar stiffness and the lowest permeability. This is reasonable
as the femoral groove provides a sliding surface for the patella. A
high fibrillar stiffness and slow fluid flow reduces shear deforma-
tion and friction, thereby providing relevant conditions for the mo-
tion of the patella. The values of mechanical properties of femoral
condyle cartilage are between those of the femoral groove and tibial
plateaus.
In the ACLT rabbit samples, the Mankin scores were signifi-
cantly greater than those of the control group cartilages, except
for lateral tibial plateau (Table 6.2). Mankin scores in the femoral
condyle samples were greater than those in any of the other lo-
cation, but they still ranged from the mild to moderate category
[9,10,147]. Mankin scoring also indicated that the contralateral joint
samples were mainly in good condition with only minor or no signs
of osteoarthritis. Still, microscopic and spectroscopic methods, and
mechanical testing were able to show alterations in all of the groups.
The functional properties of cartilage were seen to alter mainly
in femoral condyles, where also similarly the structural properties
were seen to change the most (Table 6.2, see also chapter 8.2). The
causes for the localization of the deterioration to femoral condyle
cartilage may be associated with site-specific joint loading. As the
primary function of ACL is to restrain anterior tibial displacement
and internal tibial rotation, the deficiency changes the knee joint
kinematics. This causes the contact locations in the tibiofemoral
compartment to shift during loading [91,148]. This may have caused
more dramatic contact and shear stress alterations in femoral con-
dyles compared to other locations. A human follow up study has
also shown that ACL injury affects most the femoral condyle carti-
lage compared to the other locations of the present study [149].
Collagen orientation angle and PG content were the structural
constituents most altered by ACLT. Changes in these parameters
were most pronounced in the superficial and middle layers of car-
tilage. These are commonly observed, first structural signs of early
OA [8,11–15,150,151]. Decrease in the PG content and alterations in
the collagen matrix organization reduce the stiffness of the superfi-
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cial zone cartilage, even if the amount of collagen itself may not be
affected. As the permeability and the fibril stiffness contribute to
the dynamic stiffness, these changes in functional properties show
clearly that the dynamic stiffness of the tissue is compromised first.
In addition, the present results implicate that these different load-
ing conditions amplify differently deterioration of cartilage in a site-
and group-specific manner.
Changes in the collagen content, following ACLT, displayed dif-
ferent patterns of variation compared to the other structural param-
eters, i.e., the orientation angle and PG content. Reduction in the
collagen content, as a result of ACLT was expected. Yet, alterations
were highly site-specific. Reduction in the content was indeed re-
vealed in the superficial zones of the ACLT group joints for the
tibial plateaus and the femoral groove. However, in the deep zone,
especially in the lateral femoral condyle ACLT group animals, the
measured increase in the collagen content was unanticipated. This
might suggest a fibrotic response to the altered environment. A
synthesis of type II collagen in moderately degenerated areas has
been reported before [73], whereas in progressed degeneration this
has not been shown unequivocally [70, 73]. This kind of intensified
biological response might be an outcome of the abnormally pres-
surized chondrocytes in the deep cartilage [21, 123, 152, 153]. Still,
the mechanical loading may not have been too excessive to cause
cell death.
8.2 STRUCTURE-FUNCTION RELATIONSHIPS OF RABBIT
ARTICULAR CARTILAGE IN EARLY OSTEOARTHRITIS
The most distinct mechanical alteration due to ACLT (early osteo-
arthritis) was the increase in permeability, k, which occurred at all
knee joint locations of the rabbit samples (Table 7.1 and Fig. 7.3).
It is known that in osteoarthritic tissue the water content increases,
leading to a higher permeability [12, 23, 151, 154]. However, based
on the structural results, it seems that combined alterations in the
collagen fibril architecture and PG content have amplified the in-
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crease in the permeability. The greatest change in k was observed
in the femoral condyles and groove, where also the changes in PG
content and collagen orientation angles were the greatest. Based
on the results, the tissue permeability is suggested to be the most
sensitive parameter to change in very early OA as it has the ability
to reflect the combined alterations in tissue structural components.
The reduced fibrillar matrix modulus, Ef, reflected the observed
alterations in the collagen matrix orientation and organization in
rabbits. After ACLT, the greatest changes in both the collagen ori-
entation angle and fibril network modulus were observed in lateral
femoral condyle and femoral groove cartilages (Table 6.2). A clear
relationship between the collagen content and Ef, however, could
not be seen, even though the reduced collagen content may also
have contributed to the reduced fibril network modulus in femoral
groove samples. It is known that the collagen network holds the
tissue together under fluid pressurization [103], thus lower fibrillar
strength withstands more weakly the dynamic loads. These results
indicate that fibrillation of the superficial zone collagen modulates
more dominantly the tensile stiffness of cartilage, as compared to
the collagen content. Degeneration in the superficial collagen or-
ganization leads to lower stiffness of the matrix, which the greater
amount of collagen in the tissue cannot compensate. Increased per-
meability, combined with degenerated collagen network, may ex-
pose articular cartilage to additional damage and OA progression.
PGs are primarily associated with the equilibrium stiffness of ar-
ticular cartilage [2,96,103,155] and the results of this thesis support
the former observations as low values of the equilibrium elastic and
non-fibrillar matrix moduli were indicative of the reduced PG con-
tent in healthy and OA cartilage. In studies II and III, decrease of
the PG content in the superficial zone of femoral condyle cartilage
in the ACLT group was associated with a decrease in the equilib-
rium elastic modulus and non-fibrillar modulus, respectively.
In the study II, the equilibrium elastic modulus was found to
decrease in the lateral and medial femoral condyles, as compared
to the samples in C-L group, similar to what was observed in study
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III for corresponding non-fibrillar matrix modulus, Enf (Table 6.2).
On the other hand, the alterations in the dynamic elastic modulus
were not identical to the changes in the fibril network modulus, Ef.
When comparing the ACLT and C-L groups to the CTRL group, the
only similarities in the behavior of these values were observed in
the femoral condyles, while Ef decreased also for the tibial plateau
and femoral groove cartilages. This might indicate that the FE mod-
eling, incorporating the effects of collagen, PGs and fluid, is more
sensitive and identifies more effectively the causes associated with
changes in cartilage compared to a direct elastic mechanical analy-
sis.
A separate control group enabled to spot changes which could
not have been observed by using contralateral joint as a control
group. Earlier, using a contralateral control group, ACL transected
rabbits were not witnessed to experience any significant changes in
permeability after 9 weeks [12]. In study II, no significant differ-
ence was neither seen between ACLT and C-L groups, but between
ACLT and CTRL groups. This highlights the importance to evaluate
the suitability of using a contralateral control group as a control.
8.3 STRUCTURE-FUNCTION RELATIONSHIPS OF HUMAN
ARTICULAR CARTILAGE DURING THE PROGRESSION
OF OSTEOARTHRITIS
The permeability strain-dependency factor M approached zero in
severely osteoarthritic human cartilage samples, indicating that fluid
flow out from the tissue was not affected by increased compressive
strain. This was probably due to the loose packing of the colla-
gen (Table 7.3.2, a significant correlation between M and collagen
content). In more healthier samples with more collagen, higher M
leads to faster reduction of the permeability as a function of strain.
This suggests that the nonlinear response of cartilage to loading and
increase in resistance to loading as a function of strain, as a result of
nonlinear permeability and subsequent increase in fluid pressure,
is much weaker in human OA cartilage than in healthy tissue. This
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result is also consistent with earlier studies, i.e, the weakened articu-
lar cartilage collagen impairs load support through the mechanism
of fluid flow [96, 103, 156, 157]. These alterations in M and collagen
content decrease the resistance of the tissue to impact forces, cause
faster tissue relaxation, and lead to weakened tissue response un-
der loading. The changes may accelerate the progression of OA.
Increased compressive strains may also increase the cell death and
damage in deeper layers of cartilage as well as in cartilage-bone
interface and subchondral bone.
Similarly as with the early OA rabbit samples, the strain-depen-
dent collagen network modulus Eef of the human samples correlated
negatively with the collagen orientation. Instead, no correlation
could be found between Eef and the collagen content. Furthermore,
the PG content correlated positively and significantly with the non-
fibrillar matrix modulus Enf. These results suggest that, under the
progression of human OA, the structural constituents have specific
and individual roles in cartilage function. The collagen network
modulates the strain-dependent tensile stiffness, PG content deter-
mines the stiffness of the tissue in prolonged loading, and the colla-
gen content affects the strain-dependency of fluid flow. This knowl-
edge could help in diagnosing OA. Ability to record these changes
in function, e.g., by using indentation and modeling in arthroscopy,
would reveal changes in individual constituents. Changes in per-
meability, reflecting the combined alterations, would enable early
spotting of the degeneration. Alterations in functional parameters
that are linked directly to structural constituents would help then
to determine the stage of the disease.
8.4 FACTORS CONTROLLING HIGHLY NONLINEAR
RESPONSE OF CARTILAGE IN INDENTATION
The mechanical indentation measurements showed highly nonlin-
ear stress-relaxation responses (Fig. 7.4). It was hypothesized that
new formulation for the collagen network is needed to capture this
behavior. For these measurements, sample-specific tissue structure
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and composition had effectively negligible effect on the correspon-
dence between the model and the experiment. Implementing the
depth-dependent structure in the models with constant (model 2)
and viscoelastic (model 4) fibril network moduli, however, affected
the model parameters, particularly Eef and k0 (models 3 and 5). The
superficial collagen fibrils stiffen more in the arcade like fibril struc-
ture (compared to the homogeneous structure) because of the fib-
rils in the horizontal direction have to carry most of the loads. Also
compared to the homogeneous model, the models with the depth-
wise tissue structure have more fluid in the surface, thus needing a
smaller permeability for identical relaxation.
Highlighting the well-known mechanical effect of the collagen
network to primarily control the dynamic response of cartilage, the
fit of the hyperelastic model without the collagen network was the
most inadequate. Although this was well expected, the parame-
ters E and k did not differ dramatically from the similar parameters
achieved using fibril-reinforced models. The models with viscoelas-
tic fibrils reproduced more closely the measurement than the mo-
del with constant Young’s modulus for the fibrils. Although the
viscoelasticity and nonlinearity of the collagen fibers and strain-
dependency of the permeability are typical characteristics of articu-
lar cartilage [2,105,115,118,127,158,159], the model was not able to
capture the peak forces. The reason for this inability rises from the
fact that the strain dependent fibril network modulus Eef does not
impact the strain-dependency of the response enough. This nonlin-
earity cannot either be increased neither by altering the damping
coefficient, η (Table 4.1), as its contribution to each step is identical.
After all, the cartilage response in high and rapid strain rates (peak
forces) is governed by the fluid pressurization [160], whereas the
viscosity affects primarily the relaxation phase [161]. The viscoelas-
tic behavior of the collagen can be seen clearly in the relaxation
phase of the last step. The very slow decrease of the force is de-
tected till the equilibrium and the inclusion of viscosity through
our novel formulation of collagen mechanics improved the model
fit for this phase.
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The model 6 with exponentially increasing stress for the col-
lagen fibrils could not improve the strain-dependent response of
cartilage either, even though this formula has been traditionally ap-
plied for tensile tests of cartilage [2]. The reason for this might lie
in the differences between these two testing geometries. In tensile
testing the entire tissue is elongated and the experienced strains are
usually larger compared to indentation testing [162].
Eventually the models with linearly (model 7) and especially
nonlinearly (model 8) increasing modulus of the fibril network as a
function of strain were able to decrease the difference in the peak
forces between the model and the experimental measurement (δFp).
This is consistent with a recent experimental study which suggested
that the second order polynomial formula worked better (compared
to the exponential equation) in the toe region of cartilage stress-
strain curve in tension [162]. The linearly increasing fibril network
modulus was used also successfully in reproduction of experimen-
tal step-wise stress-relaxation curves of human meniscus [140].
The model 8 with the novel nonlinear formulation for the colla-
gen fibrils was the most accurate, compared to the aforementioned
models, in capturing the experimental data. This suggests that pre-
viously presented models with linearly increasing modulus of the
fibrils or viscoelastic fibrils may not be enough when simulating
multi-step indentation tests. When the novel model was applied to
the other measurement locations of the same knee, the relative error
between experimental and theoretical peak forces remained low in
all locations. This further supports the use of the novel formulation.
8.5 LIMITATIONS AND JUSTIFICATIONS
Homogeneous structures were used for the fibril matrix in studies
I and III. This was done intentionally in order to keep the me-
chanical analysis independent of the structural analysis. Taking
volume fractions and tissue structure into account in the model de-
pends on what one wants to study. For example, the fluid frac-
tion, fixed charge density, collagen orientation and collagen content
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could be taken into account [29, 123, 124]. However, implementa-
tion of these properties into the model was not done in studies I
and III as it would have changed the meaning of the studies and
would have detracted from the actual aims. The addition of struc-
tural/compositional information into the model would have altered
the mechanical model parameters (for instance, the collagen vol-
ume fraction affects directly the stress of the collagen fibril network
and therefore the collagen fibril network modulus). This result im-
plies that the tissue function and mechanical parameters are fully
dependent on the structure. For instance, when performing a cor-
relation analysis, one cannot have this kind of dependence, but one
must have two measurements that are not independent. If volume
fractions would have been included in the analysis, all changes
could have possibly been explained solely with these changes in
the structure, and the mechanical parameters would have remained
unchanged in all models/samples. In contrast, by not accounting
for possible changes in volume fractions of structural parameters,
the changes associated with OA could be expressed with changes
in the mechanical properties of the tissue, for example, the very in-
teresting mechanisms in OA associated with changes in fluid flow
Inclusion of volume fractions into the model would be impor-
tant if one wants to evaluate tissue function based on tissue compo-
sition. For example, if one wants to know the functional properties
of cartilage in joints from MR imaging, implementation of the struc-
tural/compositional data from the imaging into the biomechanical
model would be desirable. In this way, one can estimate tissue func-
tion based on tissue composition. However, this was not the aim
of the current thesis. When evaluating structure-function relation-
ships, provided that one wants to analyze mechanical alterations in
cartilage due to ACLT or in patients with OA, then the tissue struc-
ture is usually unknown. Therefore, one would need to rely solely
on the observed mechanical changes (which are thought to occur
prior to any structural changes).
Collagen cross-linking, which could affect the ratio of primary
and secondary fibrils (parameter C in the model), was not taken
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into account in the model. When during aging the amount of colla-
gen cross-links has been shown to increase [28], while at the same
time collagen content decreases in OA [1,4,5], these changes would
be assumed to alter the parameter C and therefore other mechanical
parameters of the model (could be relevant particularly in study I,
see also discussion about the effect of C in the discussion of study
III, Appendix). It could be possible to estimate C from PLM with
an algorithm by Stender et al. [163] or with some other method,
such as scanning electron microscopy [164]. However, due to the
same reason as explained above (dependence between structural
and functional properties), this parameter was kept constant. Thus,
altered cross-linking could affect tissue modulus values in this the-
sis, particularly those of the collagen fibril network cite34.
Viscoelasticity and nonlinearity of the collagen fibers and strain-
dependency of the permeability are typical characteristics of articu-
lar cartilage, in particular in multi-step experiments and under high
strain conditions [105, 118, 158]. However, in study III by fitting
the model to a single stress-relaxation step, the nonlinear articular
cartilage properties were not needed. Their inclusion would have
compromised the uniqueness of the optimized set of material pa-
rameters. The model in use was successful in capturing the single
stress-relaxation step with small strains (<10%). Cartilage nonlin-
earities can be neglected in this strain region [162, 165]. In studies I
and IV, where multiple steps were simulated, these nonlinearities
were also taken into account.
In study IV the non-fibrillar matrix was modeled to be homoge-
neous as there was no difficulty in replicating the measured equi-
librium responses. In addition, the PG content was relatively ho-
mogeneously distributed through tissue depth. However, the effect
of the depth-dependent non-fibrillar matrix modulus (Enf) to the
simulations was tested. Results showed that the depth-dependency
had virtually no effect on the stress-relaxation response. Thus, im-
plementation of this depth-dependency would not have changed
any of our conclusions.
Julkunen et al. [25] reported three times greater fibrillar and
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non-fibrillar matrix moduli values for the FRPE model than those
obtained here for the rabbit samples. This difference might be
due to the creep protocol in use, producing greater strains than
those obtained with the present stress-relaxation protocol. Thus,
increased fibril network modulus, because of its nonlinearly in-
creasing response to strain, might have resulted from the greater
strains. Secondly, Julkunen et al. [25] used no secondary fibers and
the fibrillar matrix was modeled by using linear spring elements.
This way reproduction of the collagen matrix stress needs stiffer
individual fibers. This was tested by replicating the rabbit mea-
surements using C (Eq. 4.7) value of 1, instead of 12.16, which
resulted in about two times greater Ef values. Thirdly, indenter
diameter used by Julkunen et al. [25] was smaller than ours, to
which surface tension might have had a larger effect. Even with
these limitations in mind, most of the parameter values in studies
I and III agreed well with those in previous studies conducted for
bovine [96, 103, 160, 166], ovine [130] and New Zealand White rab-
bits [12, 25, 117, 138, 146] cartilage. Furthermore, regardless of the
differences in the absolute values of the fibrillar parameters, the rel-
ative differences between the locations were similar in the present
study and Julkunen et al. [25].
The permeability was isotropic in the models, although the an-
isotropic nature of permeability in articular cartilage has been shown
[167]. Optimization of this parameter unequivocally would have
been impossible. For the same reason, many other parameters were
fixed and only the most important parameters describing collagen,
PGs and fluid were optimized. The optimization results were ver-
ified by altering the initial values and obtaining always the same
results. The same parameters as optimized here have also been
successfully optimized in earlier studies [96,105,119]. Thus, unique
material parameters should have been obtained from each opti-
mization.
The small sample size in the control group (3 rabbits, 6 knees)
of study II must be recognized. As the mixed model ANOVA takes
into account animal specific variations, both knees of the animals
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could be used. However, the small sample size in the control group
might cause the lack of some significant differences. For instance,
the equilibrium modulus of the lateral femoral condyle cartilage
was over 50% smaller in the ACLT than in control group animals,
but this difference was not statistically verified (p = 0.117). The
control group samples were also tested fresh before embedding
in formalin (study II), while the samples from other groups had
been frozen prior to mechanical testing. However, a single freeze-
thaw cycle should not produce changes in the biomechanical prop-
erties of articular cartilage [168,169]. While some superficial PG loss
might occur [170, 171], our results showed similar PG contents for
the control (not frozen) and C-L (frozen) group samples for most
of the locations. In human samples the potential escape of PGs
through the surfaces of the samples might have occurred during
the DMEM incubation. Here the PG content in the superficial tis-
sue with respect to the deep tissue across all samples were however
consistent with earlier studies where human osteoarthritic cartilage
samples have been used [8, 75, 172], indicating possible PG loss be-
ing minimal.
There exists a study indicating that hyaluronidase treatment
can reduce the birefringence in PLM measurements by about 5-
10% [173]. However, this treatment was identical for all samples
and can be assumed to have affected similarly collagen orientation
angles of each sample.
Inflammation in traumatized cartilage has been shown earlier
[174]. Thus, it is not known if the ACLT procedure caused inflam-
matory cytokine production, which might have contributed to the
results. A lack of a sham-operated group of animals left this matter
open. However, the test animals received antibiotics and pain med-
ication to reduce inflammation and pain caused by the surgery, and
when opened, the joints showed no macroscopic signs of cartilage
degeneration.
The rabbit knee differs from the human knee and exceeds the
human knee’s range of motion [175]. When attempting to use the
present results in the context of the human knee and its develop-
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ment of early OA, these differences have to be considered. Nev-
ertheless, the basic bony structure, ligamentous stabilization and
muscular control are similar between the rabbit and human knee.
Furthermore the OA development, albeit much faster in the rab-
bit than in humans following ACLT, follows a similar pathological
sequence of events [17].
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9 Summary and conclusions
In this study, structural and functional alterations in articular carti-
lage at different stages of osteoarthritis were investigated in rabbits
and humans. This was done by combining mechanical tests and
FE modeling with microscopical and spectroscopical methods. The
FE modeling, compared to a simple elastic mechanical analysis, al-
lowed to study separately the mechanical effects and nonlinearities
of collagen, proteoglycans and fluid. The main conclusions of this
thesis can be summarized as follows:
1. Femoral condyle cartilage was the most vulnerable to abnor-
mal joint loading, as created by ACLT. Structural alterations
in collagen network organization and PG content lead to the
reduced ability of articular cartilage to resist short term and
prolonged loadings, respectively.
2. Collagen orientation governs the tensile stiffness and collagen
content obstructs interstitial fluid flow in a strain-dependent
manner in osteoarthritic human articular cartilage. PGs con-
tribute to the stiffness in prolonged loading.
3. Permeability is a very sensitive parameter to early osteoarth-
ritis. As it results from combination of the structural com-
ponents, it has a good ability to reveal first alterations in the
tissue.
4. Nonlinear formulation for the collagen network helped to ex-
plain the highly nonlinear mechanical responses of rabbit ar-
ticular cartilage.
Information about the early effects of the disease to structure
and function is crucial when trying to predict the time course of
OA onset and progression. Without intervention, the degenerative
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changes associated with these structures may lead to rapid carti-
lage degeneration. Hopefully the current findings can help to find
optimized strategies for the prevention of OA, and be used when
developing effective treatment strategies aimed at stopping or slow-
ing OA progression.
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Information about structure-function 
relationships of articular cartilage during 
the progression of osteoarthritis is crucial 
when trying to predict the development of 
the disease. This knowledge may enable 
better treatment strategies aimed at 
stopping or slowing down the progression 
of osteoarthritis. Finite element modeling, 
microscopic and spectroscopic methods were 
used to distinguish functional and structural 
properties of cartilage constituents in early 
and later stages of osteoarthritis.
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